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Abstract
A black hole holographic model is used to mimic the behavior of the quark gluon plasma at finite temperature and
density. This model reproduces lattice data at µB = 0 and displays critical behavior at large densities. High order
baryon susceptibilities are used to extract freeze-out points by comparing those susceptibilities with the corresponding
net-protons distribution measured by STAR. Possible experimental signatures of the critical end point are discussed.
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1. Introduction
One of the primary goals of heavy ion collisions is the mapping of the phase diagram of quantum chro-
modynamics (QCD) at high temperatures (T ) and baryonic chemical potential (µB). Lattice QCD has estab-
lished that the transition from hadronic matter to the quark gluon plasma (QGP) at zero µB is a crossover [1].
With increasing µB , the crossover is expected to end in a critical endpoint (CEP) where a first order phase
transition begins. The question of both the existence and the location of the CEP is fundamental to under-
standing QCD matter.
Experimentally, the Beam Energy Scan at RHIC is exploring unprecedented high density regions of
the QCD phase diagram looking for experimental signatures of the CEP. Unfortunately, locating the CEP
from first principles calculation is a formidable challenge due to the Fermi-sign problem. Nevertheless,
higher-order baryonic susceptibilities from lattice QCD have been determined to reconstruct thermodynamic
quantities at finite µB and aid searches for the CEP [2, 3, 4, 5, 6, 7]. However, truncation errors may make it
very difficult to find the precise location of the critical point.
An alternative theoretical approach to explore the behavior of strongly interacting matter with a critical
point is the holographic duality [8]. This method was employed in Ref. [9] to construct black hole solutions
of higher dimensional gravitational theories with thermodynamic properties that mimic the QGP equilibrium
properties computed on the lattice at µB = 0. The generalization of this type of model to include a baryonic
charge was done in [10, 11], where it was shown that these holographic models can display a CEP at large
baryon densities. These “black hole engineered” non-conformal models possess a nonzero bulk viscosity
[12, 13], which plays an important role in hydrodynamic simulations [14, 15, 16, 17], and they can be used
to compute baryonic susceptibilities and transport coefficients at nonzero µB [18, 19].
In a recent publication [20], the parameters of this black hole model were modified to provide a better
match to current lattice data at µB =0. The details of the corresponding extension to µB ,0 will be published
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elsewhere [21]. In these proceedings (as was done in Ref. [22]), the baryonic susceptibilities from this
refined black hole model is compared to the fluctuations of net-protons [23] and the corresponding (T, µB)
freeze-out line is estimated.
2. Baryon Number Susceptibilities
The baryon number susceptibility, χn = χ
B
n (T, µB), can be numerically calculated in the black hole model
at arbitrarily high µB . It is obtained by taking the n derivative of the pressure with respect to the baryonic
chemical potential
χn =
∂n
∂(µB/T )
n
( P
T 4
)
. (1)
Susceptibilities are related directly to the moments of the distribution, from which it is convenient to form
volume-independent susceptibility ratios
mean : M = χ1 M/σ
2 = χ1/χ2
variance : σ2 = χ2 Sσ = χ3/χ2
skewness : S = χ3/χ
3/2
2
κσ2 = χ4/χ2
kurtosis : κ = χ4/χ
2
2
Sσ3/M = χ3/χ1
(2)
The susceptibilities provide information about the effective degrees of freedom of a system and are essential
to the characterization of phase transitions. Due to event-by-event fluctuations of the initial conditions in
heavy-ion collisions, fluctuations of conserved charges occur on an event-by-event basis so a distribution
is formed. The moments of this distribution are fixed at the chemical freeze-out such that by comparing
those moments with the susceptibilities one may extract T and µB at freeze-out [24, 25, 26]. In this aspect,
it is important to remark that the susceptibilities scale with different powers of the correlation length ξ,
which diverges at the CEP. In fact, the higher order susceptibilities are more sensitive to the CEP and they
diverge with higher powers of ξ. For instance, it was shown in Ref. [27] that for a homogeneous system in
equilibrium, χ2 ∼ ξ2, χ3 ∼ξ9/2, and χ4 ∼ ξ7. In practice, the divergence of ξ is limited in heavy ion collisions
by the system size and finite time effects. Furthermore, it was argued in Ref. [28] that the ratio κσ2 should
show a non-monotonic behavior as one approaches the CEP. In the following section, this possibility is
explored by analyzing the baryonic susceptibility ratios in our black hole model.
3. Results
The calculated black hole susceptibility ratios χ1/χ2 and χ3/χ2 are shown as function of T and different
values of µB in Fig. 1 (left). From these ratios, bands in the T and µB plane were obtained by imposing
that they reproduce the corresponding experimental value from STAR (for energies
√
s = [7.7− 200] GeV).
Fig. 1 (right) also shows those trajectories for a collision energy of
√
s = 7.7 GeV and
√
s = 19.6 GeV.
One can see that some energies show a clear overlap while others do not, which may be attributed to other
effects such as decays or acceptance cuts not included in our model. In both cases, a freeze-out parameter
(red cross) is determined by the area of closest distance between the farthest boundaries of the curves.
Fig. 2 shows the susceptibility ratio χ4/χ2 (left) as a function of T for different values of µB . This ratio
diverges faster than χ2 since χ4 has a stronger dependence on the correlation length as ones approaches the
CEP at larger baryon chemical potential. For µB =500 MeV its peak is already three times larger than in the
ratio χ3/χ2 . Those curves also show that as µB approaches the large values close to the CEP of the model a
kink is developed. This behavior is consistent with the non-monotonicity expected from Ref. [28].
Fig. 2 (right) shows the phase diagram obtained in the black hole model. The estimate for the CEP
is shown, as well as the extracted freeze-out parameters, which are placed between the inflection point of
χ2 (dashed line) and the minimum of the speed of sound squared c
2
s (dotted line). The freeze-out chemical
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Fig. 1. (Color online) Susceptibility ratios, χ1/χ2 and χ3/χ2 , obtained from the black hole model as a function of T for different values
of µB (left). Trajectories in the (T, µ) plane that match the experimental values for the susceptibility ratios for a collision energy of√
s = 7.7 GeVand
√
s = 19.6 GeV(left) obtained by STAR [23], and the extracted freeze-out parameter (red cross).
potentials found at the collision energy of
√
s = 19.6 GeV and lower are smaller that the ones traditionally
quoted from the thermal fits. This can be attributed to the fact that the holographic approach does not have
strangeness and electric charge chemical potentials, which have larger effect at high densities. Besides, our
model does not include any acceptance cuts, and it compares baryon number fluctuations to the experimental
data from net-protons.
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Fig. 2. (Color online) Susceptibility ratios χ4/χ2 obtained from the black hole model (left panel) at finite density. Freeze-out parameters
(red data points) extracted by comparing the model calculations to STAR data [23]; the location of the minimum of c2s (dashed line)
and the inflection point of χ2 (solid line) of the black hole model [21], across µB , are also shown (left panel). A preliminary estimate
for the location of the CEP of the black hole model is also shown.
In Fig. 3 our model calculations, computed at freeze-out, for χ1/χ2 , χ3/χ2 , and χ4/χ2 (red arrows) are
shown in comparison with the corresponding experimental data points from STAR [23] (black circles). It
is important to point out here that only the first two ratios were used to extract the freeze-out parameter.
Thus, the value of the ratio χ4/χ2 at freeze-out is a prediction of our model. This ratio follows the trend
of the experimental data at low
√
s and also shows a hint of non-monotonic behavior at higher
√
s-values
compared with the non-monotonicity of the experimental data.
4. Conclusions
We used preliminary data from a new holographic model [21] to compute high order susceptibilities and
extract the freeze-out parameters across collision energies. The computed χ4/χ2 ratio along the freeze-out
line shows a hint of non-monotonic behavior before it grows with decreasing
√
s. This behavior appears
even though the freeze-out values are still far from the high density region where the CEP of the model is
located, as it will be shown in [21]. Preliminary STAR data with higher pT cuts (0.4 < pT < 2.0 GeV)
[29] show a stronger enhancement for χ4/χ2 at low
√
s and a more pronounced non-monotonicity. In a
future study, we plan to examine this new data taking into account the acceptance cuts and decays. More
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Fig. 3. (Color online) Susceptibility ratios calculated along the freeze-out line in the black hole model (red arrows) as a function of
collision energy
√
s compared with the corresponding net-proton distribution form STAR [29] (black circles).
details about the holographic model and its applications to the study of the QCD critical point, together with
comparisons to experimental data, will be given in [21].
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